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Diffuse axonal injuryImpact-acceleration forces to the head cause traumatic brain injury (TBI) with damage in white matter tracts
comprised of long axons traversing the brain.Whitematter injury after TBI involves both traumatic axonal injury
(TAI) andmyelin pathology that evolves throughout the post-injury time course. The axon response to initialme-
chanical forces and secondary insults follows the process of Wallerian degeneration, which initiates as a poten-
tially reversible phase of intra-axonal damage and proceeds to an irreversible phase of axon fragmentation.
Distal to sites of axon disconnection, myelin sheaths remain for prolonged periods, which may activate neuroin-
ﬂammation and inhibit axon regeneration. In addition to TAI, TBI can cause demyelination of intact axons. These
evolving features of axon and myelin pathology also represent opportunities for repair. In experimental TBI,
demyelinated axons exhibit remyelination, which can serve to both protect axons and facilitate recovery of func-
tion. Myelin remodeling may also contribute to neuroplasticity. Efﬁcient clearance of myelin debris is a potential
target to attenuate the progression of chronic pathology. During the early phase ofWallerian degeneration, inter-
ventions that prevent the transition from reversible damage to axon disconnection warrant the highest priority,
based on the poor regenerative capacity of axons in the CNS. Clinical evaluation of TBI will need to address the
challenge of accurately detecting the extent and stage of axon damage. Distinguishing the complex whitematter
changes associated with axons and myelin is necessary for interpreting advanced neuroimaging approaches and
for identifying a broader range of therapeutic opportunities to improve outcome after TBI.
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Impact-acceleration forces to the head are the most common cause
of traumatic brain injury, whether in the context of accidents, sports,y, Physiology and Genetics,
1 Jones Bridge Road, Bethesda,
strong).or military service. White matter tracts are particularly vulnerable to
damage from impact-acceleration forces. Accordingly, symptoms from
mild to moderate TBI correlate with neural circuit deﬁcits expected
from the disruption of myelinated pathways. While this overall under-
standing of white matter involvement in TBI is widely recognized,
white matter must be examined across whole brain, tract, cellular, and
molecular levels to improve diagnostic measures, predict outcomes,
and develop therapeutic interventions that maximize repair capacity.
This review will work across these levels while focusing on parameters
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the capacity for myelin repair and recovery of axon function.1.1. White matter injury is a major component of TBI
White matter atrophy dramatically demonstrates signiﬁcant white
matter involvement in moderate–severe forms of TBI in patients who
survive to a chronic post-injury stage (Tomaiuolo et al., 2004; Bendlin
et al., 2008; Kim et al., 2008; Sidaros et al., 2009; Green et al., 2014).
White matter atrophy is often accompanied by overall atrophy of the
brain as well as ventricular enlargement (Bigler et al., 2013; Green
et al., 2014). Within the corpus callosum, atrophy is present in 63–86%
of severe TBI cases based on comparison of MRI scans taken at approx-
imately 5 and 20 months post-injury (Green et al., 2014). White matter
atrophy associated with cortical atrophy has a low probability of repair,
due to the loss of neuron cell bodies in the corresponding gray matter
regions. In the face of neuron cell death, pathological consequences to
the axon andmyelin are uniformly degenerative. In contrast, this review
will focus on damage to axons and myelin that initiates within white
matter tracts. Distinct pathological processes involving axons and
myelin will be discussed relative to indications of potential for repair,
especially in milder forms of TBI.
The predominant concernwithwhitematter injury from TBI is trau-
matic axonal injury (TAI). Long axonal projections that traverse the
brain inwhitematter tracts are damaged from forces of torsion, tension,
and compression in impact-acceleration injuries to the head. TAI occurs
in a pattern of damaged axons distributed among adjacent intact axons
within the white matter (Fig. 1). Experimental models indicate that TAI
does not necessitate death of the correspondingneuron cell body (Greer
et al., 2011;Wang et al., 2013). Inmore severe forms of TBI, TAI occurs in
multiple neuroanatomical regions and is deﬁned clinically as diffuse ax-
onal injury (DAI). The severity of DAI is classiﬁed based on the areas of
white matter with TAI, as determined from neuropathological evidence
of axon damage (Adams et al., 1989) or neuroimaging (Kim and Gean,
2011). Grade I DAI involves lesions in areas of graymatter–whitematter
junctions in the corona radiata. Grade II DAI includes Grade I lesion sites
as well as the corpus callosum, with extension from the spleniumFig. 1.Milder forms of TBImay cause complex pathology of axons andmyelin, rather than the ov
illustrates a set of normal myelinated and unmyelinated axons. Axons are shown in blue and m
Traumatic axonal injury (TAI) is characterized by a pattern of degenerating axons dispersed a
TAI. TAI also causes degeneration of myelinated axons. The myelin sheath collapses as the axo
axons damaged by TAI may be a subset of only one or two axons among a cohort of 20 or m
among the cohort may dysregulate myelin maintenance signals to the oligodendrocyte, result
myelin ﬁgures observed in models of mild TBI. Separate from the axons undergoing TAI, viabletoward the genu with increasing severity. Grade III DAI involves these
sites with the addition of brainstem tracts.1.2. Challenges of clinical detection of white matter injury across the spec-
trum of TBI severity
Neuroimaging detection of hemorrhages within white matter tracts
has become interpreted as indicative of concurrent TAI. However, only
10% of closed head trauma patients demonstrate admission CT scans
with petechial hemorrhages in the gray–white matter junctions associ-
ated with TAI while approximately 80% of TAIs are non-hemorrhagic
and better detected with MRI (Gentry et al., 1988; Kim and Gean,
2011). Postmortem analysis conﬁrms that severe TBI cases exhibit axon
damage with hemorrhagic lesions (Oppenheimer, 1968; Blumbergs
et al., 1995). However, axon damage often occurs in the absence of
vascular damage in mild TBI and is found even in some cases of severe
TBI (Oppenheimer, 1968; Blumbergs et al., 1995). These ﬁndings have
been interpreted as indicating that axons are more vulnerable than
blood vessels to damage from TBI (Blumbergs et al., 1995). Animal
models using milder forms of impact-acceleration brain injuries have
provided mechanistic support that axon damage can occur without vas-
cular damage based on analysis from gross pathology, histological stain-
ing, or MRI (Povlishock et al., 1983; Jane et al., 1985; Povlishock, 1993;
Sullivan et al., 2013).
Advanced MRI techniques are attempting to more sensitively and
accurately detect the extent of white matter damage in patients with
mild TBI. Diffusion tensor imaging (DTI) generates additional informa-
tion from MRI sequences that detect changes in anisotropy, which is
particularly advantageous for analysis of highly anisotropic myelinated
nerve ﬁbers that align within white matter tracts. DTI can be used to in-
terpolate the pathways of ﬁber bundles so that abnormal ﬁndings may
indicate disrupted pathways. However, the inherent limitations of DTI
tractography measures for anatomical accuracy must be recognized to
appropriately interrogate white matter pathways for comparative
changes in microstructure (Thomas et al., 2014). Tractography esti-
mates from voxels that are averaged on the scale of MRI measurements
have limited accuracy for differentiating changes in ﬁber orientation,ertwhitematter loss resulting frommore severe TBI. A: Cross section viewofwhitematter
yelin in green. B: The same set of axons illustrates multiple aspects of damage after TBI.
mong intact ﬁbers. Unmyelinated axons are particularly vulnerable to degeneration after
n degenerates but is slow to degrade in the CNS. In addition, the dispersed white matter
ore axons ensheathed by a surviving oligodendrocyte. This mismatch of axon integrity
ing in aberrant myelin synthesis. A combination of effects may explain the long excessive
axons may also lose function due to demyelination.
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techniques also provide speciﬁc parameters for tract-based spatial sta-
tistical analysis of white matter microstructure. This approach consis-
tently identiﬁes differences between cohorts of TBI versus control
(Hulkower et al., 2013). DTI fractional anisotropy (FA) detects abnor-
malities inmultiple white matter tracts in mild TBI, with themost com-
mon changes found in anterior regions of the corona radiata and corpus
callosum (Eierud et al., 2014). Recent studies of mild TBI at the subacute
stage (5–18 days post-injury) demonstrate reduced FA in white matter
is a useful predictive measure of 3–6month outcome (Yuh et al., 2014).
DTI parameters have been examined as separate axial and radial ei-
genvectors to further distinguish microstructural changes, which have
been validated in animalmodels by post-imaging analysis of whitemat-
ter pathology (Song et al., 2005; Sun et al., 2006; Mac Donald et al.,
2007). Acute TBI patients exhibited increased mean diffusivity from in-
creases of both axial and radial values (Perez et al., 2014). IncreasedFig. 2. Progression of axon andmyelin pathologywithin whitematter inmilder forms of TBI. A:
elin around blue axon) and unmyelinated (small diameter blue axon) ﬁbers, along with a mye
showsmicrotubules transporting vesicles, neuroﬁlamentswith extended side arms, andmitoch
and myelin pathology after TBI. B: Initially, traumatic axonal injury (TAI) is most likely to caus
Enlargement shows swelling of mitochondria and cytoskeleton breakdown in areas of axon da
versible phase of axon damage. C: After this initial damage, axon degeneration that progresses
ruption of the ensheathing myelin. Enlargement shows further breakdown of cytoskeletal ele
secondary processes which can cause demyelination of intact axons (loss of green myelin arou
processes of pink cell) that can cause focal axon degeneration to initiate at nodes of Ranvier (adj
internodes typical of remyelination (green around center axon), and resolution of focal axon de
tation and disconnection, indicated by the formation of end bulbs. Enlargement shows end bulb
focal axon degeneration may progress to fragmentation and disconnection. Furthermore, the l
debris from degenerating axons and myelin. Oligodendrocytes that continue to support myel
of excessive myelin ﬁgures (green sheath and cell).radial diffusivity appears to persist in subacute and chronic TBI patients
and may drive reduced FA measures (Farbota et al., 2012; Perez et al.,
2014). However, other studies have indicated increased FA with re-
duced radial values in subacute TBI patients (Mayer et al., 2010). Patho-
logical comparisons will be important to improve interpretation of
clinical DTI measures given the heterogeneity of TBI and unpredictable
clinical progression. In animal models of TBI, reduced axial diffusivity
is associated with histopathologic demonstration of axon damage in
the white matter tracts following injury caused by cortical contusion,
impact-acceleration, or repetitive impact (Macdonald, 2007; Bennett
et al., 2012; Li et al., 2013; Sullivan et al., 2013). Longitudinal animal
studies have not typically included prolonged survival times to test
DTI parameters from acute through chronic injury progression. Post-
imaging validation in non-TBI models shows that interpreting the
pathology associated with changes in axial or radial diffusivity is chal-
lenging in the presence of concurrent, dynamic pathological processesThree-dimensional view ofwhite matter illustrates a set of normalmyelinated (greenmy-
linating oligodendrocyte (green cell) and a resting microglial cell (pink cell). Enlargement
ondria. B–D: The same set of axons illustratesmultiple scenarios of the progression of axon
e degeneration of unmyelinated ﬁbers and damage myelinated ﬁbers at nodes of Ranvier.
mage. B′ shows example of myelinated axon that undergoes recovery from this initial re-
will cause regions of swelling and atrophy of the distal axon segment with associated dis-
ments and mitochondrial swelling in this axon. Additional axons may be damaged from
nd axon in center of cube) and neuroinﬂammation with microglial activation (thickened
acent to pink cell). C′ shows potential recovery of demyelinated axons,with shortermyelin
generation (bottom axon). D: Axon damage that progresses leads to irreversible fragmen-
full of cytoskeletal debris, vesicles, andmitochondrial. Also, axonswith demyelination and
esion environment stimulates further microglial activation (pink cell) for phagocytosis of
in sheaths associated with degenerating axon segments may contribute to the formation
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distinguish multiple evolving pathological features in white matter,
especially changes in gliosis and cell density associated with edema or
inﬂammation (Wang et al., 2011; White et al., 2013; Stokum et al.,
2014). Longitudinal studies using these techniques in TBI patients will
be important for addressing the evolution of white matter pathology
with time post-injury and for demonstrating usefulness as predictive
outcome measures. Further studies will also be needed in diverse ani-
malmodels of TBI and in human postmortem cases to validate the inter-
pretation of imaging ﬁndings based on the underlying cellular changes
and tissue damage.
1.3. A mechanistic view brightens the outlook on axon damage
Milder forms of TBI require analysis at the cellular and ultrastructur-
al level to accurately evaluate the progression of axon and myelin
pathology, and to consider features distinguishing damage that is re-
versible verses irreversibly advancing toward axon and myelin loss
(Fig. 2). Different aspects of axon damage are revealed by different
techniques used for analysis of white matter after TBI. Ultrastructural
examination with electron microscopy identiﬁes axon damage based
on mitochondrial swelling, disruption of vesicular transport, cytoskele-
ton breakdown, and end bulbs that form at sites of axotomy or discon-
nection (Fig. 2; enlarged views). However, electron microscopy is not
typically used with human TBI since adequate ﬁxation of human tissues
is often not feasible and ultrastructural analysis allows only limited
specimen sampling. In human postmortem analyses or animal studies,
TAI is routinely detected by histopathological stains with additional
distinctions gained using immunohistochemistry. Immunolabeling for
β-amyloid precursor protein (βAPP) demonstrates accumulation of
vesicles from impaired fast axonal transport while immunolabeling for
dephosphorylated neuroﬁlaments corresponds with collapse of neu-
roﬁlament side arms that are important for maintaining axon diam-
eter (Stone et al., 2000; Gallyas et al., 2006). Distinct populations of
axons can exhibit βAPP accumulations versus dephosphorylated
neuroﬁlaments after TBI (DiLeonardi et al., 2009; Zakaria et al.,
2012). This distinction may be due to the susceptibility of smaller
diameter axons to obstruction of vesicular transport while larger di-
ameter axons contain more neuroﬁlaments to produce a detectable
signal associated with dephosphorylation.
The majority of axon damage in TBI is not due to physical tearing of
axons (Buki and Povlishock, 2006). The axon response to initial me-
chanical forces and secondary insults follows the process of Wallerian
degeneration, as occurs subsequent to diverse forms of injury and stress
induced damage to axons (Kelley et al., 2006; Conforti et al., 2014;
Maxwell et al., in press). This evolutionarily conserved process applies
to axons of all sizes and to both myelinated and unmyelinated axons
(Figs. 1, 2). Important early elements initiating axon damage include
altered calcium ﬂuxes, mitochondrial dysfunction, and the generation
of reactive oxygen species (Buki and Povlishock, 2006; Villegas et al.,
2014). A convergence of data is identifying core molecular elements
comprising a conserved axon death pathway for Wallerian degenera-
tion (Conforti et al., 2014). This process has an initiation phase, with a
latent period during which axon damage may be reversible, and an
execution phase during which the axon irreversibly degrades into frag-
ments. Nicotinamide mononucleotide adenylyltransferase (NMNAT)
function maintains axon health so that reduction to below a threshold
level triggers the axon death pathway. Subsequent rapid Wallerian de-
generation is an active process that requires speciﬁc pro-degenerative
molecules.
Identiﬁcation of reversible versus irreversible stages of axon damage
and dysfunction will provide important distinctions for repair capacity
and relevant targets for intervention (Fig. 2). For example, the P7C3
class of neuroprotective compounds intersects with the role of NMNAT
in the conserved axon death pathway by enhancing intracellular produc-
tion of nicotinamide adenine dinucleotide (NAD) (Wang et al., 2014).The execution phase of this conserved pathway involves activation of
calcium-dependent cysteine protease, i.e. calpain (Conforti et al., 2014).
Calpastatin inhibits calpain and axon degeneration (Yang et al., 2013).
Similarly, inhibition of a calcium-dependent phosphatase, calcineurin,
by FK506 decreased axon degeneration (Marmarou and Povlishock,
2006; Dileonardi et al., 2012). In addition, neurons that have undergone
axotomy from TBI exhibit c-Jun activation and outgrowth from the
proximal axon segment indicating regenerative capacity that could be
targeted to improve repair (Greer et al., 2011).
1.4. Myelin hasmultiple roles in the progression of whitematter injury in TBI
Myelin is a major component of white matter that is relatively poor-
ly understood in terms of implications for axon and white matter integ-
rity after TBI. Myelin plays important roles in axon vulnerability to
damage atmultiple stages of whitematter injury from TBI. Unmyelinat-
ed ﬁbers within white matter tracts are particularly susceptible to TAI
(Reeves et al., 2005; Reeves et al., 2012) (Figs. 1, 2). Similarly, inmyelin-
ated ﬁbers the axon initial segment, which is not myelinated, is also a
primary site of axotomy from TAI (Greer et al., 2013). Alongmyelinated
ﬁbers, mechanical stretch appears to initially damage axons at the
nodes of Ranvier betweenmyelin sheaths and in the adjacent paranode
regions (Maxwell et al., 1991; Maxwell, 1996; Reeves et al., 2012; Sun
et al., 2012) (Fig. 2B). Findings in autoimmune disease have shown
that nodes are also vulnerable regions for focal axonal degeneration
that is associated with neuroinﬂammation (Craner and Fugger, 2011;
Nikic et al., 2011) (Fig. 2C). During focal axonal degeneration, axons
with swellings and mitochondrial abnormalities may persist for days
and recover spontaneously, or progress to fragmentation and discon-
nection (Nikic et al., 2011). It is not yet clear whether neuroinﬂamma-
tion following TBI causes secondary injury through a focal axonal
degeneration process. Myelinated axons that are damaged to the point
of disconnection will undergo Wallerian degeneration, as discussed
above, and the myelin sheaths will collapse as the axon fragments and
degenerates (Fig. 2D). In the CNS, degradation of collapsed myelin is
relatively slow because the blood–brain barrier limits efﬁcient myelin
opsonization and oligodendrocytes contribute minimally to myelin
clearance (Vargas and Barres, 2007). This slow clearance can be det-
rimental to repair since myelin debris contains myelin-associated
molecules that inhibit axon regeneration (Geoffroy and Zheng, 2014).
In a pre-clinical model, TBI causes differential expression of myelin-
associated inhibitors and/or the corresponding receptors, which dem-
onstrates potential relevance in TBI while emphasizing the complexity
of the post-injury tissue environment (Israelsson et al., 2014). Myelin-
associated inhibitors interact with receptors that are expressed on
axons as well as on multiple cell types involved in neuroinﬂammation
(Lang et al., 2014). In fact, myelin-enriched brain debris is sufﬁcient to
stimulate microglial/macrophage activation in white matter tracts
(Clarner et al., 2012). In addition, myelin debris inhibits differentiation
of progenitor cells that are required for myelin repair, or remyelination
(Kotter et al., 2006; Baer et al., 2009). Therefore, myelin debris created
from TAI could inhibit axon and myelin regeneration as well as propa-
gate chronic neuroinﬂammation.
The implications of myelin pathology after TBI depend on the poten-
tial viability of the associated axon. White matter injury that causes
extensive TAI and/or hemorrhagic lesions will have signiﬁcant loss of
myelin due to loss of axons in regions of overt tissue loss. However, sec-
ondary damage is expected to cause oligodendrocyte loss with subse-
quent demyelination of viable axons. This effect is well characterized
in models of traumatic spinal cord injury and has led to remyelination
being of great interest for promoting repair in white matter tracts
(Plemel et al., 2014). TBI studies usingmoderate ﬂuid percussion injury
in rats have shown that oligodendrocytes are lost in white matter with-
in and adjacent to regions of extensive TAI and hemorrhage (Lotocki
et al., 2011; Flygt et al., 2013). This oligodendrocyte loss occurs through
caspase 3-mediated apoptosis (Lotocki et al., 2011; Flygt et al., 2013). In
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axons was accompanied by demyelination of intact axons in the corpus
callosum (Sullivan et al., 2013; Mierzwa et al., 2015). However, the
demyelinated axons were dispersed among normally myelinated
axons (Fig. 1) so that demyelinated axons were evident by electron mi-
croscopy but signiﬁcant demyelination was not found with routine im-
munohistochemical detection ofmyelin (Sullivan et al., 2013). Although
impaired neuron function can result from either the progression of TAI
to axonal disconnection or from demyelination of intact axons, this dis-
tinction is important. Demyelinated axons can undergo myelin repair
that enables viable axons to recover electrophysiological function
(Figs. 2C, C′). Furthermore, the extent of demyelination along a given
axon will determine whether action potential conduction is blocked or
only slowed. Therefore, in a given tract, demyelination can reduce
the number of axons signaling or can delay signal transmission along
axons, and either effect can desynchronize neural circuits. In non-
injured adultmice,myelinmodiﬁcations are sufﬁcient tomodulate neu-
ral circuit timing and are required for motor skill learning (McKenzie
et al., 2014; Tomassy et al., 2014). Therefore, demyelination after TBI
may slow processing speed or desynchronize communication within
neural circuits as well as impair neuronal functions that require active
myelin remodeling.
Remyelination enables recovery of electrophysiological function and
protects demyelinated axons from further damage based on studies in
demyelinating disease models (Irvine and Blakemore, 2008; Bruce
et al., 2010). Myelin may provide a physical barrier to protect from cel-
lular and biochemical insults, yet myelin is also needed for normal met-
abolic support of axons (Funfschilling et al., 2012; Lee et al., 2012;
Morrison et al., 2013). The gold standard for identiﬁcation of myelin
sheaths formed during remyelination has been an increase in the g-
ratio (indicating unusually thin myelin for a given axon diameter),
which requires electron microscopy for accurate quantiﬁcation (Bunge
et al., 1961; Ludwin and Maitland, 1984). A TBI model exhibiting early
demyelination of intact axons showed subsequent remyelination in
the corpus callosum based on increased g-ratio values, an overall reduc-
tion of myelin thickness, and reduced demyelination (Mierzwa et al.,
2015). In thismodel, increased proliferation of oligodendrocyte progen-
itors and the generation of newoligodendrocytes indicated a cellular re-
sponse also consistent with remyelination (Sullivan et al., 2013;
Mierzwa et al., 2015). Surprisingly, excessively long myelin ﬁgures
were also observed in the context of TAI with demyelination and
remyelination (Sullivan et al., 2013; Mierzwa et al., 2015). These abnor-
mal myelin structures appear similar to redundant myelin, with a dou-
ble layer of myelin sheath folding back onto itself (Rosenbluth, 1966;
Sturrock, 1976) (Figs. 1, 2). Themechanisms generating these long, dou-
ble layered myelin sheaths are not clear but may reﬂect processes asso-
ciated with myelin biogenesis (Snaidero et al., 2014) and/or elongation
of collapsed myelin ﬁgures with axon loss (Shitaka et al., 2011; Bennett
and Brody, 2014). Distinguishing features of myelin degradation from
those indicative of myelin biogenesis will be important for supporting
the function of viable axons in milder forms of TBI. Myelin biogenesis
after TBI is likely to be involved in remyelination of demyelinated
axons and in myelin remodeling that animal studies have shown sup-
ports adult plasticity, motor skills, and social interactions (Liu et al.,
2012; Gibson et al., 2014; McKenzie et al., 2014).
2. Conclusion
More in-depth analysis of white matter injury is required to exploit
potential mechanisms to enhance patient outcomes after TBI. A broader
range of axon andmyelin parameters need to be examined across differ-
ent forms of TBI, including repetitive impacts and blast exposure. A
better understanding of the progression of white matter pathology, in-
cluding milder forms of TBI such as concussion, should reveal opportu-
nities to prevent progression to chronic neurodegeneration. Impact-
acceleration forcesmay stretch but not initially transect axons inmilderforms of TBI. Therefore, interventions to prevent the progression of
Wallerian degeneration from initial damage to fragmentation may re-
duce overall axon loss. Similarly, understanding the secondary process-
es associatedwith neuroinﬂammation and focal axon degenerationmay
provide opportunities for intervention prior to axon fragmentation and
disconnection. The extent of demyelination and remyelination in vari-
ous severities of TBI has not been demonstrated but may represent an
important mechanism for neuroprotection and functional recovery.
This complexity of pathological features must also be taken into consid-
eration when interpreting neuroimaging to better evaluate white mat-
ter changes among TBI patients, which will lead to improvement in
diagnosis and facilitate therapeutic strategies.
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